Abstract: It is difficult to predict the crop-available nitrogen (N) from farmyard manures applied to soil. The aim of this study was to assess the usefulness of the proximal sensors, Yara N-Tester TM and RapidScan CS-45, for diagnosing the N nutritional status of wheat after the application of manures at sowing. Three annual field trials were established (2014-2015, 2015-2016 and 2016-2017) with three types of fertilizer treatments: dairy slurry (40 t ha −1 before sowing), sheep manure (40 t ha −1 before sowing) and conventional treatment (40 kg N ha −1 at tillering). For each treatment, five different mineral N fertilization doses were applied at stem elongation: 0, 40, 80, 120, and 160 kg N ha −1 . The proximal sensing tools were used at stem elongation before the application of mineral N. Normalized values of the proximal sensing look promising for adjusting mineral N application rates at stem elongation. For dairy slurry, when either proximal sensor readings were 60-65% of the reference plants with non-limiting N, the optimum N rate for maximizing yield was 118-128 kg N ha −1 . When the readings were 85-90%, the optimum N rate dropped to 100-110 kg N ha −1 for both dairy slurry and conventional treatments. It was difficult to find a clear relationship between sensor readings and yield for sheep manure treatments. Measurements taken with RapidScan C-45 were less time consuming and better represent the spatial variation, as they are taken on the plant canopy. Routine measurements throughout the growing season are particularly needed in climates with variable rainfall. The application of 40 kg N ha −1 at the end of winter is necessary to ensure an optimal N status from the beginning of wheat crop development. These research findings could be used in applicator-mounted sensors to make variable-rate N applications.
Introduction
Few cereal agroecosystems supply enough nitrogen (N) to sustain satisfactory crop production without fertilizers. To ensure that the potential yield is reached each year, fertilizers are often applied in excessive quantities, causing N loss to the atmosphere and water. In agricultural systems, mineral N is mainly lost through ammonia volatilization, denitrification and leaching [1] . Correct dose and application timing of N fertilizer is important so that crops make best use of the N applied with minimum risk of losses and adverse environmental impacts.
Agronomic decisions in cereals are implemented by using a growth-stage key which provides a common reference for describing crop development. Management by growth stage is critical to optimize N fertilization strategies. The Zadoks Cereal Growth-Stage Key [2] is the most commonly used growth-stage key for cereals, in which the development of the cereal plant is divided into 10 distinct development phases covering 100 individual growth stages. Individual growth stages are denoted by the prefix GS (growth stage). The principle Zadoks growth stages used in relation to N Remote Sens. 2019, 11, 1094 2 of 22 management are the beginning of tillering (GS21) and beginning of stem elongation (GS30). GS21 is the stage when tillers (lateral shoots emerging at the base of the main stem of the plant) start emerging. Each tiller has the potential to produce a spike. GS30 is the stage in which the final spikelet can be observed within the stem of the main tiller.
The application of fertilizers consists of two methods, basal application and topdressing application. In the former, fertilizers are distributed over the field and mixed with soil before sowing. In the latter, fertilizers are applied in the soil surface. In cereal crops, local farmers commonly apply organic manures as basal fertilizers rotationally every two or three years. Organic manures are typically applied as a basal dressing before sowing due to the humid climate in winter and spring that usually hinders the entrance of machinery to fields. The application of organic fertilizers is generally combined with the application of mineral fertilizers. Conversely, when organics are not applied as initial fertilizers, mineral N is applied in two topdressing applications: 40 kg N ha −1 at GS21 to encourage tillering and a second and greater application at GS30.
Organic manure is a heterogeneous material collected from livestock raising facilities. The manure's physical status depends on farm practice and storage conditions. Farmyard manures are solids that are commonly mixed with lignocellulosic bedding materials. Slurries are liquids generated by mixing the solid manures with wastewater, washing water or urine. In recent decades, with the rise in livestock industry, the disposal of these farmyard manures and slurries has increased [3] . There is an excess of manure in many regions around the world, and the amount of manure available for land application is increasing [4] . The application of these manures into agricultural soil allows the recycling of their nutrient value for fertilizing crops and increasing soil fertility, making better use of resources and economic sense [5] . However, organic manures can pose a considerable environmental risk if they are not carefully treated and applied. It is important to point out that the N applied with the organic manures is generally less available to crops than N in mineral fertilizers [5] . In addition, it is difficult to predict the amount of available N from organic manures for crops since nutrient mineralization from manures is influenced by manure characteristics, soil and environmental temperature, soil moisture, soil properties and microbial activity [1] . The capacity of the soil itself must be taken into account in order to provide N to crops and to improve cereal N fertilizer recommendations. In this sense, soil organic matter (SOM) is one of the most relevant soil compounds, as it has been reported that SOM accounted for 78% of the variation in mineralizable N, whereas other soil properties only accounted for 8% [6] . N mineralization in SOM is enhanced by increasing temperature [7] and when soil moisture is near field capacity [8] . It must not be forgotten that the weather varies considerably from year to year, causing large differences in yield potential in the same site [9, 10] ; consequently, crop N fertilizer demand widely varies.
In Western Europe, a soil test for estimating available mineral N (ammonium plus nitrate) in the soil profile has been widely used to measure the quantity of N fertilizer which needs to be applied. The technique is called N min -method. Generally, for winter wheat (as for many other crops), crop N need is calculated at the end of winter or early spring based on a target yield. The recommended rate of N fertilizer is calculated by the predicted N demand for the target yield minus the measured soil N min value at the end of winter, where the rapid period of crop growth starts. Even if soil analysis should give reliable information, it is often perceived as imprecise for several reasons [11] . In fact, translating a few values of the soil samplings to a heterogeneous field makes the method imprecise. Apart from that, both the sampling and the determination of N min require time-consuming procedures.
The plant itself is considered a relevant indicator of N availability from any origin (organic manure, soil N supply or mineral fertilizer) within the growing season. Strategies based on plant indicators have been developed for the adjustment of N fertilizer application during the growing season. Ravier et al. [11] showed some decision rules for determining N fertilizer application on the basis of the crop Nitrogen Nutrition Index (NNI). The NNI is calculated relative to the critical N concentration of the aerial parts of the crop defined as the minimal concentration required for the maximum production Remote Sens. 2019, 11, 1094 3 of 22 of aerial dry matter [12] . However, NNI determination requires destructive and time-consuming procedures of the plant N content and crop biomass which make it impractical for farmers.
Various types of optical sensing tools have been developed for assessing the N status of plants within the growing season [13, 14] . However, these tools are unable to measure N content of the crop directly [15] , therefore they are based on the measurement of compounds, such as chlorophyll [12] . Optical crop sensing is relatively easy to perform, and a range of sensing techniques and sensors are commercially available [13] . Regarding transmission or absorption sensors, hand-held chlorophyll meters such as Yara N-Tester TM can provide rapid results for diagnostic purposes [14, 16] . Chlorophyll meter readings have been widely proven to be well correlated with leaf chlorophyll and N concentrations in wheat; therefore, chlorophyll content can be used to diagnose the N status of plants [17] [18] [19] , making them interesting tools for modulating the N rate. Furthermore, they can be used to decide whether a supplementary dose is to be applied in order to increase grain N content [8, 20] . The use of chlorophyll meter measurements as an alternative to the NNI has been tested [21] [22] [23] .
When considering reflectance sensors, ground-based active crop canopy reflectance sensors have been identified as potentially valuable tools for site-specific N management in cereals [24] [25] [26] , because these sensors are not affected by clouds, unlike aerial or satellite sensing. Ground-based sensors have been developed to assess the plant nutritional status and guide variable-rate N application for different grain crops [15, 23, 27] . Spectral data collected by RapidScan CS-45 is converted into canopy green area measurements by calculating vegetation indices such as the Normalized Difference Vegetation Index (NDVI) or Normalized Difference Red Edge (NDRE). Marti et al. [28] found significant correlations between the NDVI, yield and biomass in wheat. Lu et al. [29] determined that RapidScan CS-45 was useful for non-destructively estimating the NNI of rice and Li et al., 2018 [30] showed a great potential for monitoring rice leaf N status. Similarly, Bonfil et al., 2017 [31] showed that the use of RapidScan CS-45 allows rapid and accurate crop monitoring and yield estimation. Zhang et al., 2019 [32] predicted grain yield based on RapidScan CS-45 measurements. In a previous study, we demonstrated that the normalized readings of the proximal sensing tools, Yara N-Tester TM (chlorophyll meter) and RapidScan CS-45 (ground-based active-light proximal sensor), were good indicators of the N nutritional status of the plant, as the NNI or N min . The mineral fertilizer rate applied at stem elongation (GS30, following Zadoks et al., 1994 [2] ) could be modulated with the use of those tools [33] .
In this study, we annex a third year when the weather conditions in spring after the second and greater N application at GS30 were very dry (it did not rain in the following 20 days after application) in comparison with the first two years. The climate of the area is Temperate-Mediterranean according to the temperature regime of the Papadakis classification and humid Mediterranean according to the water regime [34] , with an average rainfall of 779 mm year −1 and an average annual temperature of 11.5 • C. This climate covers a great portion of the territory of Araba (The Basque Country, norther Spain) and, although it is classified as Mediterranean, maritime and temperate characteristics are very evident [35] . In this area, three of the ten years have dry periods around the second and greater application at GS30 (media 1978-2017; period 15 March-1 May), as in the third year of this study. Weather conditions are variable from year to year [33] and the mineralization of nutrients from SOM and farmyard manures is influenced by many factors such as manure characteristics, soil and air temperature, soil moisture, soil properties and microbial activity [8] . Therefore, making the prediction of the N needed by the crop in different situations is necessary but complicated. Yara N-TesterTM and RapidScan CS-45 have shown promise for making N recommendations [17, 19, 20, 29, 30, 32] and provide a practical and affordable option for on-farm implementation. The aim of this study was to assess the usefulness of the proximal sensing tools, Yara N-Tester TM and RapidScan CS-45, for adjusting the optimum N rate at GS30 when farmyard manures are applied before sowing in the variable humid Mediterranean climate conditions. We also aimed to decide whether the 40 kg N ha −1 rate at GS21 is necessary when organic manures are applied as basal fertilizers. In addition, the utility of a reference area on the field with non-limited N supply is questioned [14] , making the diagnosis more complicated for farmers.
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Materials and Methods
Three field trials were established in Arkaute (Araba, Basque Country, Spain) at NEIKER-Tecnalia facilities (42 • 85 N, 2 • 62 W; elevation 515 m above sea level) in three consecutive wheat-growing seasons: 2014-2015, 2015-2016 and 2016-2017 (defined as 2015, 2016 and 2017) in different fields under rainfed conditions. There was a 130-meter (m) distance between the three field trials. In the field trial carried out in 2015, a soil pit was made and after describing and analyzing its horizons, the soil was classified as Hypercalcic Kastanozem [36] . The mineralogical properties of the soil were analyzed by X-ray diffraction. The soil contained 40% clay (clay < 2 µm: Illite (%) = 30; Kaolinite (%) = 12; Smectite (%) = 58). In the field trials carried out in 2016 and 2017, several prospective holes were observed, verifying that the three soils had similar characteristics. The three fields were flat.
Representative soil samples were taken from each field trial to analyze the physical and chemical properties before wheat sowing from depths of 0-30 and 30-60 centimeter (cm). Soil texture was analyzed by the Pippete method [37] and classified (0-30 cm, sandy clay loam and 30-60cm, clay loam) [38] . Soils that had high pH values (1:2.5 soil:water using a pH-Meter CG840; 8.0-8.5), were calcareous (3.6-58% according to soil depth) [39] and had moderate organic matter content [40] in the upper layer (2-2.5%).
Experimental Setup and Treatments
In the area (Figure 1 ) where this study was carried out (Araba, Basque Country, norther Spain), the application of organic fertilizers is generally combined with the application of mineral fertilizers. Farmyard manures are typically applied as a basal dressing before sowing. For mineral fertilizers, an application is made at GS21 [2] and the last and greater mineral N dressing application is made at GS30 [2] .
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In the area (Figure 1 ) where this study was carried out (Araba, Basque Country, norther Spain), the application of organic fertilizers is generally combined with the application of mineral fertilizers. Farmyard manures are typically applied as a basal dressing before sowing. For mineral fertilizers, an application is made at GS21 [2] and the last and greater mineral N dressing application is made at GS30 [2] . Three kinds of initial fertilization were applied: dairy slurry (40 tons per hectare t ha −1 ), sheep farmyard manure (40 t ha −1 ) and conventional treatment (no organic fertilizer basal dressing and 40 kg N ha −1 at tillering). These three types of fertilization were combined with five N rates (calcium ammonium nitrate, NAC 27%) in the topdressings applied at GS30 (0, 40, 80, 120 and 160 kg N ha −1 ). Apart from the treatments, two controls were established: a control without N fertilization (0N) and an overfertilized control plot (80 kg N ha −1 ; 80 kg N ha −1 applied at tillering and 200 kg N ha −1 applied at GS30; Table 1 ). The experiment was a factorial randomized complete block design with three factors (year, initial fertilization and N rate at GS30) and four replicates. The area of each plot was 4 m in width and 8 m in length. Three kinds of initial fertilization were applied: dairy slurry (40 tons per hectare t ha −1 ), sheep farmyard manure (40 t ha −1 ) and conventional treatment (no organic fertilizer basal dressing and 40 kg N ha −1 at tillering). These three types of fertilization were combined with five N rates (calcium ammonium nitrate, NAC 27%) in the topdressings applied at GS30 (0, 40, 80, 120 and 160 kg N ha −1 ). Apart from the treatments, two controls were established: a control without N fertilization (0N) and an overfertilized control plot (80 kg N ha −1 ; 80 kg N ha −1 applied at tillering and 200 kg N ha −1 applied at GS30; Table 1 ). The experiment was a factorial randomized complete block design with three factors (year, initial fertilization and N rate at GS30) and four replicates. The area of each plot was 4 m in width and 8 m in length. Table 1 . N application rates and timing for three initial fertilization treatments for field trial (2015, 2016 and 2017) and control (0N) and overfertilized (280N) plots. GS21 is the beginning of tillering (end of winter [2] ); GS30 is the beginning of stem elongation [2] . 
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Organic amendments were applied on 13 November 2014, 4 November 2015 and 17 November 2016. Slurry and manure were sampled and analyzed for total N and NH 4 + -N (Table 1) . We decided to apply manure at 40 t ha −1 and slurry at 40 t ha −1 because this is the usual rate at which organic amendments are applied as initial fertilizers in Araba, Basque Country, Spain. Wheat (Triticum aestivum var. Cezanne) was sown on 24 November 2014, 06 November 2015 and 18 November 2016, and was harvested on 21 July 2015, 2 August 2016 and 2 August 2017. The sowing rate was 220 kg seed ha −1 . The preceding crops were flax (Linum usitatissimum), rapeseed (Brassica napus) and wheat (Triticum aestivum), respectively.
Mineral N Samples (N min ) and Biomass Samples for the Nitrogen Nutrition Index (NNI)
Three soil samples from replicates I, II and III (there were four replicates per treatment) and three rows of aboveground biomass of wheat of one meter in length (four replications) were taken for each kind of initial fertilization treatment (dairy slurry, sheep farmyard manure and conventional treatment), in 40N + 0N, DS + 0N and SM + 0N treatments (Table 1) + -N plus NO 3 − -N) by spectrophotometry [41, 42] .
Fresh biomass samples were weighed and oven dried, and the dried biomass samples were again weighted for dry matter content determination. Biomass was estimated and N concentration was determined by Kjeldahl's method [43] to calculate the NNI (1) following Lemaire et al. [17] :
The NNI was calculated as a ratio of plant N concentration (Na) and the critical N concentration (Nc) in aerial biomass (shoots). Nc (2) is defined as the minimum concentration of N necessary to achieve maximum aerial biomass at any stage of vegetative growth [44] . For the wheat critical N concentration, dilution curves were developed for winter wheat in France [43] as a universal relationship. In 2012, another was built in China [45] with the aim of adjusting the original to the conditions in China. Since we did not have sufficient data to develop a specific function for our region, we used the original dilution curve developed by Justes et al. [46] due to the proximity to France.
where DM is the amount of dry matter accumulated in the aerial biomass expressed in t ha −1 . Nc is expressed in % DM.
Proximal Sensing Tools for Adjusting the Optimum N Rate at GS30
The proximal sensing tools for the diagnosis of the N nutritional status tested were Yara N-Tester TM (Yara International ASA, Oslo, Norway) and RapidScan CS-45 (Holland Scientific, Lincoln, NE, USA). Yara N-Tester TM is a clip-on hand-held chlorophyll meter which measures light transmitted by the plant leaf at two different wavelengths, 650 (red light) and 940 nm (near infrared light, NIR). The ratio of the light transmitted at these wavelengths, in addition to the ratio determined with no sample, is processed by the instrument to produce a digital reading. The measurement point should be in the middle of the blade of the youngest, fully developed leaf. The values obtained are unitless and they express relative chlorophyll content. Thirty random measurements are recorded to get the representative value in each sampling point. RapidScan CS-45 is a portable entirely self-contained ground-based active crop canopy sensor that integrates a data logger, graphical display, GPS, active crop sensor and power source into a small and compact instrument. It measures crop reflectance at 670, 730 and 780 nm and provides the NDVI and NDRE. The measurements with RapidScan CS-45 were taken as the sensor was passed over the crop surface at approximately 1 m at constant walking speed. The sensor´s unit was handheld and two rows per elemental plot were scanned. NDVI and NDRE values were averaged to generate a value for that plot.
Measurements with the proximal sensing tools were taken in four replications in each kind of initial fertilization treatment (dairy slurry, sheep farmyard manure and conventional treatment) just before applying the topdressing at GS30. Measurements were taken in 40N + 0N, DS + 0N and SM + 0N treatments (Table 1 ). In addition, samples were taken in the control (0N) and overfertilized treatments (280N). We will refer to the Yara N-Tester TM absolute values as abs_NTester and the RapidScan CS-45 absolute values as abs_NDVI and abs_NDRE. The measurements with Yara N-Tester TM and RapidScan CS-45 were taken as described in Aranguren et al. [33] .
Normalized values for the Yara N-Tester TM and RapidScan CS-45 measures were calculated to avoid the noise encountered by variables other than N fertilizer. These values were calculated as a percentage by assigning the 100% value to the overfertilized treatment (280N) described previously, similar to the technique suggested by Follett and Follett [47] . We will refer to the Yara N-Tester TM normalized values as nor_NTester and the RapidScan CS-45 normalized values as nor_NDVI and nor_NDRE.
Grain Yield
Yields were recorded at crop maturity using a plot harvester (1.5 × 8 m; Wintersteiger AG, Ried, Austria). For comparisons between fields, yields were converted to a 12% dry matter basis.
To show grain yield response to N fertilization at GS30, the grain yield was determined by fitting a Quadratic Plateau Function. It has been shown to best describe the yield response to N fertilization in humid Mediterranean climate conditions of Araba (Basque Country, northern Spain) after comparison with other models (quadratic and square root) as was shown by Ortuzar-Iragorri et al. [48] , who selected those models because other authors reported that they were frequently used for studying the relationship between yield and N fertilization. Ortuzar-Iragorri et al. [48] used the NLIN procedure (SAS Institute 1998 [49] ) to adjust the data to the proposed models to obtain statistical parameters. The most important attribute of the function is where yield becomes relatively insensitive to increases in N fertilizer addition at GS30. The optimum N rate was determined following Ortuzar-Iragorri et al. [48] . In the neighborhood region of Navarra (northern Spain), with similar climatic conditions, Arregui et al. [9] also used a Quadratic Plateau Function for wheat yield response to N fertilization. In the case of corn, a Quadratic Plateau Function was also shown to be the best model for yield response to N fertilization [49] [50] [51] [52] . A Quadratic Plateau Function (3) was used to indicate the optimum N rate at GS30 to achieve the maximum yield (yield vs. N fertilizer rate at GS30):
where y is the dependent variable (yield, kg ha −1 ), N is the N rate applied at GS30 (kg N ha −1 ) and a, b and c are coefficients.
The equations obtained with the Quadratic Plateau Function were used to determine the economically optimal dose of N (4), following the technique suggested by Aizpurua et al. [53] . According to their findings, the revenues obtained can be calculated as:
where w is the wheat price (€ kg −1 ), f is the fertilizer price (€ kg −1 ), N is the nitrogen rate (kg ha −1 ) and Y is the quadratic plateau function. When the revenue yield is derived with respect to the N rate and equals to zero, maximum revenues would be obtained, and that would be the economical optimum rate based on yield. The wheat grain price used was 0.18 € kg −1 , and the fertilizer price was 1.19 € kg N [54] .
Statistical Analysis
The Quadratic Plateau Function was used for the wheat yield response. A nonlinear regression procedure was carried out using R 3.2.5' software [55] to plot curves that best described the yield response to N fertilizer application.
Both soil mineral nitrogen (N min ) and NNI measurements were conducted before applying the N fertilization rates at GS21 and at GS30. The proximal sensing tool (Yara N-Tester TM and RapidScan CS-45) measurements (abs_NTester, abs_NDVI and abs_NDRE) were conducted before applying the N fertilization rate at GS30. Overfertilized plots were used to normalize absolute values (nor_NTester, nor_NDVI and nor_NDRE). The factors analyzed for statistical analysis in all cases were growing season and initial fertilization by analyses of variance (ANOVA) using 'R 3.2.5' software [55] . There was a significant interaction between growing season and initial fertilization for all these measurements. Therefore, an ANOVA was performed to analyze differences among initial fertilization treatments in each growing season. Another ANOVA was performed to analyze the differences among the wheat-growing seasons in each initial treatment. To separate the means, the Tukey test was used (p ≤ 0.05), utilizing the R package agricolae [56] .
Results

Grain Yield
Optimum N Rate at GS30
The optimum N rate at GS30 was different for each kind of initial fertilizer (conventional treatment, slurry or sheep manure) in each wheat-growing season. In 2015 (Figure 2a) , the optimum N rate at GS30 was 98 kg N ha −1 in the conventional treatment (plus 40 kg N ha −1 at tillering). In the organic treatments, the optimum N rate at GS30 was approximately 118 kg N ha −1 . Maximum wheat grain yields were 8456, 8240 and 8356 kg ha −1 for conventional treatments, slurry and manure, respectively.
In 2016 (Figure 2b) , the optimum N rate at GS30 in the conventional treatment was 109 kg N ha −1 (plus 40 kg N ha −1 at tillering). In the organic treatments, the optimum N rate in the slurry treatment was 98 kg N ha −1 and in the manure treatment was 147 kg N ha −1 . Maximum wheat grain yields were 10,227, 10,271 and 10,723 kg ha −1 for the conventional, slurry and manure treatments, respectively.
In 2017 (Figure 2c ), the optimum N rate at GS30 in the slurry treatment was 128 kg N ha −1 and in the manure treatment, it was 156 kg N ha −1 . In the conventional treatment, the maximum yield was not achieved. Therefore, the maximum rate applied at GS30 (160 kg N ha −1 ) was taken as the optimum N rate at GS30. Maximum wheat grain yields were 5841 and 6205 kg ha −1 for slurry and manure treatments, respectively.
In 2017 (Figure 2c) , the optimum N rate at GS30 in the slurry treatment was 128 kg N ha −1 and in the manure treatment, it was 156 kg N ha −1 . In the conventional treatment, the maximum yield was not achieved. Therefore, the maximum rate applied at GS30 
Economically Optimal Dose
In 2015 and 2016, the economically optimal dose at GS30 was almost the same as the optimum N rate at GS30. In 2015, the economically optimal dose was 98 kg N ha −1 for conventional treatment and 117 kg N ha −1 for organic amendments. In 2016, the economically optimal dose was 110, 100 and 141 kg N ha −1 for conventional, slurry and manure initial treatments, respectively. However, in 2017 the economically optimal dose at GS30 was lower than the optimum N rate at GS30 (131, 111 and 130 kg N ha −1 for conventional, slurry and manure initial treatments, respectively). The arrow marked with C represents the N fertilization rate when the maximum yield was achieved by conventional treatment. S represents the N fertilization rate when the maximum yield was achieved by dairy slurry treatment, and M represents the N fertilization rate when the maximum yield was achieved by sheep manure treatment.
Soil Mineral Nitrogen (Nmin) and Total Rainfall
Economically Optimal Dose
In 2015 and 2016, the economically optimal dose at GS30 was almost the same as the optimum N rate at GS30. In 2015, the economically optimal dose was 98 kg N ha −1 for conventional treatment and 117 kg N ha −1 for organic amendments. In 2016, the economically optimal dose was 110, 100 and 141 kg N ha −1 for conventional, slurry and manure initial treatments, respectively. However, in 2017 the economically optimal dose at GS30 was lower than the optimum N rate at GS30 (131, 111 and 130 kg N ha −1 for conventional, slurry and manure initial treatments, respectively).
Soil Mineral Nitrogen (N min ) and Total Rainfall
Before sowing, soil N min in 2015 was 50 kg N ha −1 ; in 2016, it was 42 kg N ha −1 and in 2017, it was 34 kg N ha −1 ( Table 2 ). At GS21, N min values (Table 2) (Table 2) . In 2015 at GS21, conventional treatment had significantly higher N min values than dairy slurry and sheep manure ( Table 2) . At GS30, 0N and conventional treatment presented higher values in 2017 than in 2015 and in 2016. N min values in 2016 were extremely low in all cases (Table 2 ). No differences among treatments were detected at GS30 in any growing cycle. 
16 ab 12 14 11 Means followed by a different capital letter indicate significant differences among initial treatments for each year (Tukey, p ≤ 0.05). Means followed by a different lower-case letter indicate differences among each initial treatment for different years (Tukey, p ≤ 0.05). Both 0N and 40 + 0N have the same value at GS21 because the measurement was taken before topdressing application in 40 + 0N at GS21. Means followed by a different capital letter indicate significant differences among initial treatments for each year (Tukey, p ≤ 0.05). Means followed by a different lower-case letter indicate differences among each initial treatment for different years (Tukey, p ≤ 0.05). Both 0N and 40 + 0N have the same value at GS21 because the measurement was taken before topdressing application in 40 + 0N at GS21. 
NNI
NNI values at GS21 (Table 3) 
NNI values at GS21 (Table 3) in 2016 were significantly higher than in 2015 and 2017, and dairy slurry and sheep manure treatments had significantly higher values than the treatments without organics as initial fertilizer. However, there were no differences in 2015 and 2017 among initial fertilization treatments.
At GS30 (Table 3) , in treatments with organics as initial fertilizer and in 0N, NNI values were significantly higher in 2016 than in 2015 and 2017. However, conventional treatment presented higher values in 2016 and 2017 than in 2015. There were significant differences in 2016 and 2017 among initial fertilization treatments. In 2017, the overfertilized plot presented the highest NNI followed by the conventional treatment and 0N and organic treatments. There were no differences between 0N and organic treatments. In 2016, the overfertilized plot presented the highest NNI and there were no differences among the rest of the treatments. In 2015, there were no differences among initial fertilization treatments. Means followed by a different capital letter indicate significant differences among initial treatments for each year (Tukey, p < 0.05). Means followed by a different lower-case letter indicate differences among each initial treatment for different years (Tukey, p < 0.05). ND means no data. sd means standard deviation. 0N, 40 + 0N and OverFert treatments have the same value at GS21 because the measurement was taken before topdressing application in 40 + 0N and OverFert at GS21.
Proximal Sensing Tools
Absolute Values
The absolute values of RapidScan CS-45 (abs_NDVI and abs_NDRE) at GS30 were significantly higher in 2016 than in 2015 and 2017 in all treatments (Table 4 ). The absolute values of Yara N-Tester TM (abs_NTester) were significantly higher in 2016 than in 2015 (Table 4) in dairy slurry and sheep manure treatments. In the conventional treatment, there were no significant differences among years (Table 4) . Finding values to adjust the optimum N rate with absolute values was complicated because variability among years was high.
Means with different lower-case letters (a, b) represent significant differences among initial treatments in Yara N-TesterTM (abs_NTester) measurements for each year (Tukey, p ≤ 0.05); means with different capital letters in italics (A, B) represent significant differences among initial treatments in NDVI RapidScan CS-45 measurements (abs_NDVI) for each year (Tukey, p ≤ 0.05); means with different underlined capital letters (A, B) represent significant differences among initial treatments in NDRE RapidScan CS-45 measurements (abs_NDRE) for each year (Tukey, p ≤ 0.05); means with different lower-case letters (y, z) represent significant differences among the three years in Yara N-TesterTM measurements (abs_NTester) for each treatment (Tukey, p ≤ 0.05); means with different capital letters in italics (Y, Z) represent significant differences among the three years for NDVI RapidScan CS-45 measurements (abs_NDVI) in each treatment (Tukey, p ≤ 0.05) and means with different underlined capital letters (Y, Z) represent significant differences among the three years for NDRE RapidScan CS-45 measurements (abs_NDRE) in each treatment (Tukey, p ≤ 0.05). (Figure 4a ), the normalized measurements of both tools agreed with each other for all treatments, showing differences between the conventional treatment (88%), initial organic fertilization treatments (65%) and 0N (57%). In 2016 (Figure 4b ), Yara N-Tester TM showed differences between the conventional treatment (92%), control (78%) and both organic treatments (85%). RapidScan CS-45 showed differences between the conventional treatment (88%) and 0N (72%), but the tool did not detect differences between the conventional treatment and organic treatment (84-87%). In 2017 (Figure 4c ), the measurements of both proximal tools detected differences between the conventional treatment (83-87%) and the remaining treatments (control and organics). In 2017, only nor_NDRE detected differences between control and organic treatments.
It was possible to find a relationship between normalized values of RapidScan CS-45 and Yara N-Tester TM and optimum N rate at GS30 to achieve the maximum yield in the conventional treatment and in the slurry treatment (Table 5 ). When both proximal sensing tool values were 60-65%, the optimum N rate at GS30 to achieve the maximum yield was 118-128 kg N ha −1 in dairy slurry treatment (Table 5 ). When the readings were 85-90%, the optimum N rate was 100-110 kg N ha −1 in dairy slurry and conventional treatment (Table 5 It was possible to find a relationship between normalized values of RapidScan CS-45 and Yara N-Tester TM and optimum N rate at GS30 to achieve the maximum yield in the conventional treatment and in the slurry treatment (Table 5 ). When both proximal sensing tool values were 60-65%, the optimum N rate at GS30 to achieve the maximum yield was 118-128 kg N ha −1 in dairy slurry treatment (Table 5 ). When the readings were 85-90%, the optimum N rate was 100-110 kg N ha −1 in dairy slurry and conventional treatment (Table 5 ). In the sheep manure treatment, there was no clear relationship between sensor values and the optimum N rate. When values were 60-65%, the N recommendation was 117 or 155 kg N ha −1 and 147 kg N ha −1 for readings around 89%. Values were normalized assigning the 100% value to the overfertilized (280N) plot. Means with different lower-case letters (a, b) represent significant differences among initial treatments in Yara N-Tester TM (nor_NTester) measurements for each year (Tukey, p ≤0.05); means with different capital letters in italics (A, B) represent significant differences among initial treatments in NDVI RapidScan CS-45 measurements (nor_NDVI) for each year (Tukey, p ≤0.05); means with different underlined capital letters (A, B) represent significant differences among initial treatments in NDRE RapidScan CS-45 measurements (nor_NDRE) for each year (Tukey, p ≤0.05); means with different lower-case letters (y, z) represent significant differences among the three years in Yara N-Tester TM measurements (nor_NTester) for each treatment (Tukey, p ≤ 0.05); means with different capital letters in italics (Y, Z) represent significant differences among the three years for NDVI RapidScan CS-45 measurements (nor_NDVI) in each treatment (Tukey, p ≤ 0.05) and means with different underlined capital letters (Y, Z) represent significant differences among the three years for NDRE RapidScan CS-45 measurements (nor_NDRE) in each treatment (Tukey, p ≤ 0.05). Table 5 . Normalized values (nor_Ntester, nor_NDVI, nor_NDRE) obtained with tools for the diagnosis of the N nutritional status (Yara N-Tester and RapidScan CS-45) at stem elongation (GS30) and their corresponding optimal N application at GS30 for dairy slurry and conventional treatments.
Initial Fertilization Proximal Tool Readings at GS30 (%)
Optimal N Application at GS30 (kg N ha −1 ) 
Discussion
Studies focused on the use of proximal sensing tools for adjusting topdressing N in wheat have been conducted in other climates. In this region with variable rainfall, it was necessary to study the usefulness of proximal sensing tools for an optimum N mineral rate application when organic manures had been applied as basal fertilizers.
Mineral N Fertilizer Reduction When Organic Fertilizer Was Applied before Sowing
In this study, maximum wheat grain yields were different in each growing season with 2016 being the year with the highest yields. Within each year for 2015 and 2016, maximum yields between the conventional treatment and organics as initial fertilizers treatment were comparable (Figure 2a,b) . However, in 2017, there were differences among initial fertilization treatments, with the conventional treatment being 1300-1700 kg ha −1 more productive than the organic treatments depending on each individual N rate at GS30 (Figure 2c) . In this regard, the optimum N rate at GS30 was different for each growing season and for each initial fertilization treatment. In fact, the application of organic manures as initial fertilizers reduced the mineral N rate used at GS30 in 2015 and 2016. In 2015, when organic manures were used as initial fertilizers, approximately 20 kg N mineral ha −1 less than in the conventional treatment was necessary to achieve the maximum wheat grain yield. In 2016, when applying slurry as an initial fertilizer, 51 kg N mineral ha −1 less than in the conventional treatment was necessary to achieve the maximum wheat grain yield. In 2016, when using manure as initial fertilizer, the same mineral N dose as in the conventional treatment was necessary to achieve the maximum wheat grain yield. However, in the manure treatment, the maximum yield was 500 kg ha −1 higher than in the conventional treatment. According to results shown in 2015 and 2016, the 40 kg N ha −1 application at the GS21 could be avoided when organic manures were applied even when N min at GS21 was very low (4-9 kg N ha −1 ) as in 2015 (Table 2 ). In 2017, following mineral N application at GS30, it did not rain until leaf flag emergence (GS37 [2] ; Figure 3 ). In 2017, yields were higher in the conventional treatment where 40 kg N ha −1 had been applied at GS21 even if N min values at GS21 were high (Table 2) .
Both economic and environmental costs are key considerations when N fertilization management strategies are being developed [53] . The economically optimum N rate at GS30 was similar to the optimum N rate in 2015 and 2016. However, in 2017, when mineral fertilizer price and wheat prices are considered, the N rate is lower than the optimum N rate. The low precipitation after the mineral N application at GS30 did not allow N absorption by the wheat crop until one month later, negatively affecting N use efficiency, hence reducing the economic N rate and the economic benefit of the fertilizer.
Soil N Availability
As the N min values showed, the soil N supply in soils amended with animal manure may be very variable ( Table 2 ). The recommended rate of N fertilizer is calculated by the predicted N demand for the target yield minus the measured N min at the end of winter. However, some factors make this technique imprecise. On the one hand, using a target yield is not feasible because, each growing season, yields vary depending on the weather (Figures 2 and 3) . On the other hand, soil N min at GS21 depends not only on the mineralization (SOM, applied organic compounds and weather conditions) but also on crop uptake. Although N min values at GS21 in 2016 and 2017 were similar, yields achieved in 2016 (10,200-10,700) were higher than yields in 2017 (5800-6200; Figure 2 ). As the results showed (Tables 2  and 3) , it is possible to have high N availability in soil and plants with low N nutritional status (as in 2017), as well as low N availability in soil and acceptable N nutritional statuses in plants (as in 2016) .
The weather has a significant effect on yield. Since the weather can be difficult to predict in the long term, predicting the mineralization of organic forms of N and other nutrients into plant available mineral forms and the wheat demand remains a challenge [57] . Many factors control the decomposition of SOM and the mineralization of nutrients, rendering the prediction difficult [58] .
Arregui and Quemada [59] , in similar climate conditions (humid Mediterranean), showed that due to the high rainfall, low evapotranspiration and low crop demand, from sowing to mid-tillering (GS25), most of the mineral N present in the soil before sowing was lost by nitrate leaching, as could have happened in 2015. The lower N min values in the treatments where organics were applied in 2015 could be explained by immobilization [57] . Basso et al. [10] showed that wheat yield production in the Mediterranean environment is highly affected by spring rainfall and the amount of soil water stored in soil before and during the growing season. In the area where the study was carried out (humid Mediterranean) [34] , three of the ten years have dry periods (media 1978-2017; period 15 March-1 May) when N fertilizer topdressing is applied at GS30 at the stage of highest N uptake by the wheat crop. It should be mentioned that applying organics as initial fertilizers will probably not synchronize with the highest N demand by the crop because a long period of time passed between application and plant N uptake. However, the wet conditions in winter in Araba hinder the entrance of machinery to fields in spring. The unique alternative being their application in autumn, likely causing N loss by leaching.
Soil characteristics also have an effect on N mineralization. In our study, the soil presented 40% clay (58% Smectite). Chantigny et al. [60] suggested that clay fixation may have a negative effect on N availability during the crop growing season. Other studies also demonstrated that there is a significant interaction between manure and soil regarding the net mineralization and that the net N mineralization of cattle manures, cattle slurry and plant recovery is lower in clay soils is associated with the clay fixation of NH 4 + -N [61] .
It is also remarkable that, in 2016, the preceding crop was rapeseed (Brassica napus). It has been shown that in the humid Mediterranean region of Spain, including rapeseed in the crop rotation increases wheat yields by about 10% [62] . Gallejones et al. [63] concluded that rapeseed as the preceding crop for wheat probably caused higher N mineralization.
Many factors affect soil N mineralization and soil N availability, making it difficult to estimate the amount of N mineralized from SOM to adjust the rate of N fertilizer required to optimize crop yield and also quality, even if soil N min is known at the end of winter. Otherwise, fields are heterogeneous, and it implies laborious and expensive sampling and analysis [64] . Ravier et al. [11] highlighted many sources of uncertainty in soil N analysis (lack of standardized procedure for soil sampling or the choice of the sampling zone and extrapolation) that led to the exclusion of decision rules based on the monitoring of soil mineral content. Recommendations for the start of the crop cycle are usually based on soil parameters, and the recommendations for later stages in the crop cycle are based on plant indicators. Plants integrate soil variability, climate, crop management and other environmental influences, which are good indicators of the nutrient needs.
Nitrogen Nutrition Index (NNI)
The topdressing N fertilizer recommendation rate can be adjusted according to the NNI, which can indicate the magnitude of the N surplus or deficiency [17] . In our experiment, all treatments were under N deficiency (NNI < 0.9), even the overfertilized ones. However, the NNI was able to detect differences among treatments in the same growing season and differences among the wheat-growing seasons for the same treatment. Different thresholds of the NNI have been proposed in on-farm applications to diagnose the N status of plants [12, [65] [66] [67] . Ravier et al. [23] determined the NNI threshold that the wheat crop can tolerate in different growing stages without reducing the maximum yields. Thus, they consider NNI values <0.4 as situations that should be avoided, and when the NNI is between 0.4 and 0.7 before ear has reached 1 cm in length (before GS30, following Zadoks et al., 1994 [2] ), they recommend the application of 40 kg N ha −1 at that stage. In our case, in 2016 at GS21, NNI values were 0.60-0.68. In 2016, yields were comparable between the conventional treatment (where 40 kg N ha −1 was applied at GS21) and treatments where organics were applied as initial fertilizers without N application at GS21. This fact suggests that increasing the N rate at GS30 can reverse the N deficiency at GS21 and organics could match the conventional treatment (where 40 kg N ha −1 was applied at GS21). In 2015 at GS21, NNI values were lower than 0.4 (0.34-0.38), which means that the crop had a severe deficiency and that the yields will be reduced. In 2015, yields were lower than in 2016 but as in 2016, yields between the conventional treatment (where 40 kg N ha −1 was applied at GS21) and organics treatment were comparable. In 2017, NNI values were 0.23-0.26 at GS21 and it did not rain after N application at GS30 until GS37, causing low yields. In 2017, the application of 40 kg N ha −1 at GS21 in the conventional treatment had a significant effect on the yield, allowing higher yields in the conventional treatment than in the organic treatment. Those events in 2015 and 2016 suggested that the tolerable N deficiency in GS21 could be lower (0.3) than the one identified by Ravier et al. [23] and that crop yield can be restored with the topdressing N application at GS30 when the N deficiency is not very severe, as in 2017. However, they also concluded that the extent of tolerable N deficiencies in the early stages is less clear than in more advanced stages. In fact, a low NNI occurring during tillering can lead to a low number of stems, but a higher NNI during GS30 can lead to an increase in the number of grains per ear [17] . It is important to highlight that tolerating N deficiency gives the crop the opportunity to absorb the available soil mineral N before applying fertilizer [11] . The determination of the NNI requires representative samples to be taken, the determination of dry matter content and the determination of N concentration by laboratory analytics, making the determination of the NNI difficult and time-consuming. Moreover, as with soil sampling, farmers cannot instantly know the N status of plants.
Proximal Sensing Tools and Vegetation Indices
Abs_NTester readings increased as NNI values increased. For NNI = 1 values, Ziadi et al. [68] determined an absolute chlorophyll meter reading with Minolta SPAD-502 of 42.5 at GS30 in wheat. Similar absolute chlorophyll meter readings (ranging from 39 to 45, depending on the site-year) for NNI = 1 in wheat were also reported by Peltonen et al. [69] and Bundy and Andraski [70] . The crop sensor performance for N status diagnosis is influenced by many other variables apart from N: seasonal variation, plant water status, diseases and pests, plant growth stage, genotype, etc. [31] . Normalized readings have been recommended to reduce the year effect [21, 23] and the noise promoted by other variables other than N fertilization [18] .
In normalized values, chlorophyll meter readings have been correlated with the NNI [21, 22] . Ziadi et al. [68] established the critical relativized chlorophyll meter readings ranging from 0.89 to 0.95 for NNI = 1. However, the normalization of the chlorophyll meter readings does not entirely remove the year effect [71] , but these readings better predict the NNI [68] . Prost and Jeuffroy [21] suggested that the overfertilized plot should have an NNI higher than 1, indicating that N is not limiting. Ravier et al. [72] concluded that the use of normalized values is problematic because it is essential to ensure that a well-fertilized strip is not N deficient. They determined that using relativized values from an N-deficient overfertilized plot (NNI < 0.9) may lead to an error of 0.34%. The overfertilized treatments of our dataset did not obtain NNI ≥ 0.9 (Table 3 ) even after the application of large amounts of N. Yao et al. [73] showed that normalized values were more correlated with the NNI at later stages of development than at early stages. In our results, both absolute values and normalized values were able to similarly detect differences among treatments. However, finding values to adjust the optimum N rate was complicated with absolute values because variability among years was higher than with relativized values. Regarding normalized values, in dairy slurry treatment, when both proximal sensing tool values were 60-65%, the optimum N rate at GS30 to achieve the maximum yield was 118-128 kg N ha −1 (Table 5 ). In dairy slurry and conventional treatments, when the readings were 85-90%, the optimum N rate was 100-110 kg N ha −1 (Table 5 ). In the sheep manure treatment, there was no clear relationship between sensor values and the optimum N rate. When values were 60-65%, the N recommendation was 117 or 155 kg N ha −1 and 147 kg N ha −1 for readings around 89%. That may be due to the heterogeneous nature of manures that makes it difficult to predict how quickly and how much N will be transformed in plant-available N during the wheat-growing season. The composition of manures depends on animal diet, the amount of bedding, water and nutrient loss during storage and land application [4] . However, in this study, the main factor that brings variability is the maturation (curing) phase. Thus, sheep manure characteristics were different depending on the year: in 2016, the sheep manure was "fresh", containing NH 4 + (0.33% of total N; Table 1 ), whereas in 2015 and 2017, it was "old" and the manures did not present any NH 4 + . In dairy slurry treatments, the NH 4 + content in the three wheat-growing seasons was around 0.55% of total N, having lower variability compared to sheep manure. In 2016, the N availability in sheep manure treatment was high when the crop N demand was high, allowing greater tool values than in 2015 and 2017 (Table 4 and Figure 4 ). However, the N recommendation at GS30 was much higher in sheep manure treatments than in treatments with dairy slurry as initial fertilizer, even if tools' values were similar at GS30 (Table 4 and Figure 4 ). Manures also contain organic N that becomes available to crops after enzymatic hydrolysis. The amount of N mineralized from organic N depends on its physical-chemical characteristics, soil properties and climatic conditions [74] . Typically, slurries are more susceptible to enzymatic hydrolysis than solid manures that have bedding materials made of lignified compounds [4] . This can also justify the higher and variable N required by the crop when sheep manure was applied than when slurry was applied, especially when crop N requirements were high, as in 2016. Moreno-García et al. [75] and Zhao et al. [76] found that the higher availability of micronutrients provided by the organic fertilizers allowed higher yield than in conventional treatment and suggested that it is necessary to establish overfertilized plots for each type of fertilization. These results look promising in order to adjust the N application rate at GS30 with the Yara N-Tester TM and RapidScan CS-45 normalized readings when applying dairy slurry before sowing. However, in the sheep manure treatment, it is more difficult to find a relationship between sensor readings and yield. Both handheld N diagnostic tools were able to detect differences among N nutritional status in plants. Siband et al. [77] suggested that the NNI responded faster to N applications than chlorophyll meters, which is probably related to the time between N uptake and chlorophyll synthesis [22] . Ziadi et al. [68] saw that the whole plant can be less N deficient than the uppermost collared leaf. In this sense, evaluating the whole plant would be more precise than just a leaf. At early growth stages, evaluating the NDVI would be more accurate, although some authors such as Broge and Mortensen [78] highlighted that, when the wheat canopy is not closed, soil background exposure reduces the reliability of using reflectance for the estimation of crop N status. However, at the end of the growing cycle, the use of a chlorophyll meter is suitable [20] , as 35% of N in the grain comes from the last developed leaf [79] . The utility of proximal tools to detect the N nutritional status of plants was supported by Arregui et al. [9] and Ortuzar-Iragorri et al. [18] who observed that chlorophyll meters enabled the prediction of the N status of plants. Furthermore, Mullen et al. [80] showed that in-season N demand for added N fertilizer in winter wheat could be detected using NDVI readings collected at GS30. Moreover, algorithms using crop canopy reflectance sensing to make N recommendation for wheat have been identified, and it has been shown that active canopy sensors could be used in determining variable N rate applications in wheat from the mid-growing season [81, 82] . Marti et al. [28] found significant correlations between the NDVI, yield and biomass in wheat. On the other hand, Sylvester-Bradley et al. [64] developed an alternative strategy for signaling soil N status and observed that the NDVI of young canopies can signal soil N status where N min is lower than 120-140 kg N ha −1 . In our conditions, generally N min values were lower than 120-140 kg N ha −1 . In our case, both proximal tools showed a greater sensitivity than N min when differentiating the initial fertilization treatments applied in the field trial. All of these findings were very promising because the type of fertilization could be changed to achieve a more precise N rate adjusted to the wheat crop demand. It should be noted that measurements taken with RapidScan CS-45 were less time consuming than with Yara N-Tester TM and were taken on the plant canopy and not just in the uppermost fully expanded leaf, as with chlorophyll meters. Thus, samples taken with RapidScan CS-45 can better represent the spatial variation of the crop N status.
These hand-held tools are used during the wheat growth period (GS30), but many environmental variables (rainfall, temperature or relative humidity) affect crop growth and development after this stage until harvest [83] . However, any method of diagnosing N nutritional status at a particular stage has the same limitation. Furthermore, it has been shown that it is always possible to correct N deficiency until the end of the cereal growth season (GS65) [23] if soil is wet [84] . Since remote sensing measurements are not invasive and can be repeated several times during the growth period, information obtained on N status dynamics of plants can be used for decision making in N fertilizer management. What is more, ground-based remote sensing tools can be applied to satellite or airborne remote sensing.
Conclusions
Experimental findings to date have shown that Yara N-Tester TM or Rapidscan CS-45 normalized readings look promising in order to adjust the N application rate at GS30 under rainfed conditions in humid Mediterranean climate conditions. For dairy slurry, when either proximal sensor readings were 60-65% of the reference plants with non-limiting N, the optimum N rate for maximizing yield was 118-128 kg N ha −1 . When the readings were 85-90%, the optimum N rate dropped to 100-110 kg N ha −1 for both dairy slurry and conventional treatments. However, in the sheep manure treatment, it is more difficult to find a relationship between sensor readings and yield due to the variable composition of the manure and subsequently, the available N.
When rainfall conditions between mid-March and April are as usual (seven out of ten years), a low N status (60-65%) can be recovered with no adverse effect on yield when mineral N is applied at GS30. However, during those years in which dry periods occur (three of ten), when mineral N is applied at GS30, the N deficiency is not recovered because the lack of soil moisture prevents proper N uptake by the crop. In these cases, the application of 40 kg N ha −1 at GS21 leads to higher yields. As the N rate at GS30 can be modulated with the proximal tools, the application of 40 kg N ha −1 at GS21 is necessary to ensure an optimal N status from the beginning of wheat crop development.
These hand-held tools are used during the wheat-growing period (GS30), but many environmental variables may affect crop development until harvest. In order to address this, given that remote sensing measurements are not invasive, these measurements should be taken periodically to monitor crop N status in an effective way. Routine measurements throughout the growing season are particularly needed in climates with variable rainfall. Measurements taken with RapidScan C-45 were less time consuming and better represent the spatial variation as they are taken on the plant canopy.
While Yara N-Tester TM or Rapidscan CS-45 look promising for adjusting N application rates, further research is needed to improve the use of these sensors. These research findings could be used in applicator-mounted sensors to make variable-rate N applications.
